We explored differences in the properties of convergent afferent inputs to single neurons in the barrel area of the neocortex. Thalamocortical slices were prepared from mature mice. Recordings were made from neurons in layer V, and either thalamocortical afferents or horizontal intracortical axons were stimulated. Monosynaptic EPSPs from both sources had latencies shorter than 1.8 msec and low shape variance. Disynaptic thalamocortical IPSPs had latencies longer than 1.8 msec. All neuronal types, as defined by intrinsic firing patterns, received both thalamocortical and intracortical monosynaptic input. The shape parameters (rate of rise and half-width) of monosynaptic EPSPs from the two inputs did not differ significantly. The rate of rise of EPSPs varied considerably across cells, but the rates of rise of thalamocortical and intracortical EPSPs onto single cells were strongly correlated.
Neurons in the neocortex receive convergent synaptic inputs from ascending pathways via various thalamic nuclei and from pathways that originate in neurons of the same area and other remote cortical regions. Understanding how the information conveyed by the various afferent systems is combined and processed in a single cortical area is of major importance to understanding cortical organization and function.
Two contradictory views of cortical organization have emerged from anatomical studies examining the cellular elements that are postsynaptic to identified inputs. One view suggests that wiring is made randomly (Braitenberg and Schüz, 1991) , based on findings that axonal pathways synapse onto every neuron within their target region. On the other hand, studies by White and colleagues show that there is wide variation in the number and proportion of thalamic terminals synapsing on different types of cells, suggesting a highly selective pattern of cortical organization (White and Rock, 1981; White, 1989) .
Most of the detailed physiological data available about neocortical synaptic responses were obtained in the in vitro slice preparation using local electrical stimulation paradigms that activate unidentified sets of axons (Thomson, 1986; Thomson et al., 1988; Sutor and Hablitz, 1989a; Nicoll et al., 1993) . Recently, arduous studies using dual impalements of cortical cells have started to elucidate the characteristics of excitatory synaptic connections between pairs of neighboring pyramidal cells (Mason et al., 1991; Thomson and West, 1993; Thomson and Deuchars, 1994) . Unfortunately, the responses of cortical cells to thalamic afferents have been characterized mostly by extracellular single-unit studies in vivo. Technical difficulties hinder precise assessment of synaptic properties when intracellular recordings are performed in vivo (Ferster and Lindstrom, 1983; Douglas and Martin, 1991; Ferster and Jagadeesh, 1992; Steriade and Amzica, 1994; Steriade and Contreras, 1995) . Virtually nothing is known about the comparative physiological properties of various synaptic inputs to a single cortical area or neuron.
Our goal in this study was to compare the effects of two separate input pathways onto single neocortical cells. The complex cellular organization of the neocortex makes this task especially difficult. Hence, our experiments were designed to take advantage of the unique morphological features of layer V cells: they are the biggest in the neocortex (Feldman, 1984) , their horizontal axons travel for long distances in infragranular layers (Hallman et al., 1988; Chagnac-Amitai et al., 1990) , and their apical dendrites span layers V to I. Most of the thalamocortical input to the cortex terminates in layer IV and thus is expected to impinge on the apical dendrites of layer V pyramidal cells (White, 1989) . Thalamocortical axons also terminate in the vicinity of the layer V/VI border (Herkenham, 1980) . The development of the thalamocortical slice preparation Connors, 1991, 1992) has made the thalamocortical synapse accessible to intracellular studies in vitro. We used this preparation to selectively activate thalamocortical fibers and horizontal intracortical axons, and assessed their synaptic properties in physiologically identified layer V neurons. Three main issues were examined: (1) the shape parameters of monosynaptic EPSPs from both tracts and their variance within and between neurons; (2) the temporal sequence and relative threshold of excitation and inhibition as it is recruited by each tract; and (3) a reexamination of the hypothesis that there is a specificity in the thalamocortical inputs onto physiologically defined types of neurons (Agmon and Connors, 1992) .
MATERIALS AND METHODS
Slice preparation and maintenance. Thalamocortical slices were prepared as described previously . Briefly, 52 male adult (Ͼ6 weeks old) albino mice (CD/1) were anesthetized with pentobarbital sodium, decapitated, and their brains were quickly immersed in ice-cold oxygenated artificial CSF (ACSF). ACSF composition was (in mM): 124.0 NaCl, 3.0 KCl, 2.0 MgSO 4 , 1.25 NaHPO 4 , 2.0 CaCl 2 , 26.0 NaHCO 3 , and 10.0 dextrose, and was saturated with 95% O 2 /5% CO 2 , pH 7.4. Thalamocortical slices, 400 -450 m thick, were cut on a Vibratome (Campdan Instruments, UK) in the precise angle described by Agmon and Connors (1991) . The slices were kept in a holding chamber that contained ACSF at room temperature. After at least 1 hr of incubation, a single slice was placed in a fluid-gas interface chamber thermostatically controlled to 35-36ЊC. Oxygenated ACSF was perfused through the chamber at a rate of 5 ml/min. The slices were illuminated from above and viewed with a dissecting microscope (Olympus SZ40), conditions that allowed an identification of layer IV (Chagnac- Amitai and Connors, 1989; Agmon and Connors, 1991) . In some experiments, bicuculline methiodide (BMI; 10 M, Research Biochemicals, Natick, MA) or tetrodotoxin (TTX; 10 M, Sigma, St. Louis, MO) was dissolved in ACSF and applied focally through a broken pipette to layer IV above the recording electrode.
Stimulation and recording. Extracellular and intracellular recording electrodes were pulled (Sutter Instrument, Novato, CA) from borosilicate, capillary glass tubing (World Precision Instruments, Sarasota, FL). Field potential electrodes (filled with 1 M NaCl, 6 -8 M⍀) were placed in layer IV. Thalamocortical or intracortical fibers were stimulated by 0.1 msec, 0.1-0.5 mA pulses delivered by two sets of bipolar microelectrodes made from sharpened tungsten wires. A horizontal cut was made with a fine needle between layers V and IV, lateral to the recording area, to isolate infragranular horizontal connections. One stimulating electrode was placed in layer VI under the cut and at least 1 mm lateral to the recording area to activate these local corticocortical fibers while minimizing the activation of ascending thalamocortical fibers. The other stimulating electrode was placed at the lateral border of the ventrobasal nucleus of the thalamus. By moving the field potential electrode horizontally in layer IV, we located the area that generated the largest response (typical amplitude 0.1-0.5 mV, latency Ͻ1 msec from the stimulus) to thalamic stimulation, and cells were then recorded in layer V of the same vertical column. Intracellular micropipettes were filled with 4 M potassium acetate (80 -120 M⍀, pH 7.2), and QX-314 (100 mM, Alomone, Jerusalem, Israel) was added to the filling solution in some experiments.
Recordings were made with an Axoclamp 2A amplifier (Axon Instruments, Foster City, CA). Hyperpolarizing current pulses (100 msec duration, 0.1-0.3 nA amplitude, 0.3 Hz frequency) were injected through the electrode throughout the recording, and bridge balance was continually monitored. All cells reported here fulfilled the following criteria for stability: a resting potential more negative than Ϫ65 mV for at least 10 min, an input resistance higher than 25 M⍀, and an action potential amplitude of at least 75 mV. The average input resistance of the cells was 45.5 Ϯ 20.5 M⍀. Cells were characterized according to their temporal firing pattern during 0.8 -1-sec-long depolarizing current pulses. The recorded holding potentials were corrected according to the offset measured after withdrawal of the pipette from the cell.
Synaptic reversal potentials were estimated by evoking PSPs at different membrane potentials while injecting constant current through the electrode. When the PSP was clearly biphasic at one or more holding potentials, measurements were made at both amplitude peaks (Fig. 1 A) . IPSPs were identified by their relatively negative reversal potentials. Each PSP's onset was defined as the initial deflection point, and the latency of the responses was measured from the middle of the stimulus artifact (Fig.  1 B) . The stimulus intensity of the thalamic electrode was adjusted to evoke EPSPs of an amplitude close to 2.5 mV at Ϫ70 mV. If an inhibitory response was evident, the stimulus intensity was lowered to the minimal visible EPSP amplitude (around 0.15 mV) that could be distinguished through the noise (around 0.05 mV). To minimize differences arising from voltage-dependent currents, the intensity of the intracortical stimulation was adjusted to elicit an EPSP of an amplitude equal to the thalamic one at Ϫ70 mV holding potential. Cells that did not display any synaptic response to thalamic stimulation were not included in our analysis because there is no way to know whether the cell did not receive any thalamocortical synapses or whether its thalamic connections were severed by the slicing procedure.
Data were recorded on videocassette tapes, digitized off-line at 10 kHz, and analyzed semiautomatically with a software program written under visual C 2ϩ (Labview, National Instruments). All PSPs were averaged from 15-20 sweeps, and the time profile of the variance, expressed as SD, was determined. Shape parameters were calculated for averaged EPSPs. The rate of rise was the slope of the line connecting the points at 10 and 90% of the peak amplitude. The membrane time constant was measured from the voltage decay after hyperpolarizing current pulse of 0.1 nA by fitting a single exponential.
RESULTS

Independence of evoked inputs
Initially, we wanted to verify the location of the thalamocortical synapses we were activating and confirm that our stimulation paradigm was indeed evoking each input independently. The experimental arrangement is shown in Figure 2 A. Synaptic responses in layer V cells were evoked separately by thalamic and intracortical stimulating electrodes. The cell displayed in Figure  2 B responded to thalamic pulses with a short-latency EPSP and a smaller, longer latency, possibly polysynaptic, EPSP. A drop of TTX (10 M) applied focally in layer IV, above the recording electrode, rapidly blocked the thalamocortical synaptic response in all cases (n ϭ 5) without affecting the long-latency EPSP evoked from the thalamus or the intracortically evoked EPSP. Thus, we conclude that (1) under our experimental conditions, the physiologically significant thalamocortical input was contacting the apical dendrites of layer V cells within layer IV, and (2) our stimulation paradigm was evoking the two inputs independent of each other.
Latency distribution of the PSPs
Sixty-eight layer V cells exhibited synaptic responses to thalamic stimulation. Of these, the responses of 44 cells (64.7%) had a smooth, unbroken shape, were depolarizing at all holding potentials, and had reversal potentials Ն0 mV upon extrapolation. These were assumed to be pure EPSPs. Twenty (29.4%) other cells exhibited a complex PSP that depolarization revealed to be a mixture of an EPSP and IPSP, and four cells (6.6%) displayed pure IPSPs upon thalamic stimulation. Figure 3A is a histogram of the latencies of thalamocortical responses. Because thalamocortical synapses in the somatosensory cortex are all ultrastructurally asymmetric, and most probably excitatory (White, 1989) , any IPSP evoked on cortical cells by thalamic stimulation must be at least disynaptic. The latencies to most (20 of 24) thalamic-evoked IPSPs in our experiments were between 1.8 and 2.6 msec. This agrees with previous measurements in this slice preparation (Agmon and Connors, 1992) and in vivo (Ferster and Lindstrom, 1983; Swadlow, 1995) , and we suggest that this is the latency range of disynaptic responses. Only four cells exhibited IPSPs with latencies longer than 5 msec, and this probably represents polysynaptic (i.e., more than two synapses) activation. The latencies of the EPSPs evoked from the thalamus were mostly clustered in a narrow range, around 1 msec (0.6 -1.4 msec), and this time interval is likely to represent monosynaptic activation. Only two EPSPs overlapped with the cluster of disynaptic IPSPs, and the rest of the EPSPs were scattered at latencies from 3 to 6 msec and were regarded as polysynaptic.
Overall, we could elicit a synaptic response to intracortical lateral stimulation in 44 cells of the 68 cells that responded to thalamic stimulation. Like the thalamocortical responses, the minimal response time was 0.5 msec and there was a clear peak in the latency distribution around 1 msec (Fig. 3B) . However, the latency distribution for intracortical PSPs had two main differences from the thalamocortical latency distribution. (1) There was no clear separation of a second latency cluster, but rather a continuous EPSP latency distribution up to 3 msec. (2) Only five cells (11.6%) exhibited IPSPs at the intensities used in our paradigm, and these appeared 2.5 msec and more after the stimulus, suggesting they were mostly polysynaptic. Thus, in no case was our intracortical stimulating electrode directly exciting interneurons that were innervating the recorded cells.
Waveform fluctuations of PSPs
In addition to the latency of the response, a uniform and consistent waveform serves as another criterion for monosynaptic transmission in complex neuronal circuits (Berry and Pentreath, 1976) . We studied the shape fluctuations of the synaptic responses from both sources to explore whether EPSPs of short latency (Ͻ1.8 msec) were indeed less variable than responses of longer latencies, and whether response variance differed between the two synaptic tracts. Cells were held at membrane potentials of Ϫ70 mV, and EPSPs were evoked at a fixed stimulus intensity and 0.5-1 Hz frequency. An average of 15-20 traces was obtained, and the SD time course (SDTC) of the EPSPs was plotted (Fig. 4) . Indeed, for short latency-presumed monosynaptic responses (latency Ͻ1.8 msec), the SDTC during the averaged EPSP did not differ greatly from baseline ( Fig. 4 A) , reflecting the highly uniform shape and size of the EPSPs. The mean peak of the SDTC for presumed monosynaptic EPSPs was 0.12 Ϯ 0.05 mV, and none was larger than 0.3 mV (n ϭ 81 EPSPs). In contrast, EPSPs of longer latency (Ͼ1.8 msec) had an SDTC that paralleled the shape of the EPSPs, and had a mean peak of 0.72 Ϯ 0.34 mV (Fig.  4 B; n ϭ 23 EPSPs). This difference in variance between short-and long-latency EPSPs held even for responses within single cells, as illustrated in Figure 4 A: higher stimulus intensities recruited a long-latency EPSP that rode on the short-latency EPSP. The SDTC plot during the monosynaptic EPSP did not differ from baseline, but it increased sharply with the beginning of the longlatency EPSP. There was no difference between the SDTC of the thalamocortical and intracortical responses, however, implying that the synaptic order of the response, and not its pathway, determined the variability in shape. These data lend further support to the hypothesis that EPSPs of 0.6 -1.8 msec latency are monosynaptic.
Thalamic input onto physiologically identified cells
Intracellular recordings in rodent slices have demonstrated at least three distinct classes of neocortical neurons, characterized by their intrinsic firing properties. These classes are defined by the shapes of the individual action potentials and the temporal patterns of repetitive firing in response to injected current stimuli Figure 1 . Representative synaptic responses to thalamic stimulation. A, PSPs were recorded at several membrane potentials, revealing biphasic response at Ϫ64 mV (top trace). The bottom panel plots the responses' peak amplitude against membrane potentials. The reversal potential of the negative peak (Ⅵ) is Ϫ73 mV, suggesting that it is a GABA A -dependent IPSP. The reversal potential of the positive peak (E) is estimated to be approximately Ϫ40 mV upon extrapolation, probably because of mixture of inhibitory and excitatory conductances. B, PSP onset was defined as the initial deflection point (curved arrows), and the latency of the responses was measured from the middle of the stimulus artifact. A cell displayed monophasic depolarizing response (top trace) to thalamic stimulation. Increasing slightly the stimulus intensity resulted in a biphasic synaptic response (bottom trace). The holding membrane potential was Ϫ55 mV. (McCormick et al., 1985; Agmon and Connors, 1992 ) (for review, see Amitai and Connors, 1994) . The firing patterns of our layer V sample were similar to those described previously (Chagnac- Amitai and Connors, 1989; Amitai, 1994) . Regular spiking (RS) cells responded to a threshold pulse with a single action potential and showed adaptation of spike frequency during prolonged stimulus. Subdivisions of this group vary according to the rates of adaptation. RS 1 cells adapted during the initial 100 -150 msec of their response, but then achieved a steady-state firing rate ( Fig.  5A ; n ϭ 31). RS 2 cells continued to adapt until they ceased firing altogether, generating only intermittent spikes at an irregular low frequency if depolarization continued ( Fig. 5B ; n ϭ 10) (Agmon and Connors, 1992; Amitai, 1994; Istvan and Zarzecki, 1994) . Intrinsically bursting (IB) cells generated high-frequency clusters (or "bursts") of 3-5 spikes ( Fig. 5C ; n ϭ 13). During prolonged stimuli, IB cells often responded with alternating intervals of periodic bursting and single spiking with very little adaptation (Silva et al., 1991; Amitai, 1994) . Fast-spiking (FS) cells had rapid action potentials (duration Ͻ0.5 msec) with a relatively rapid rate of repolarization and a prominent afterhyperpolarization, and little or no frequency adaptation ( Fig. 5D, asterisk; n ϭ 3) .
Among pyramidal cells, some of these firing properties correlate with cell morphology (Chagnac- Amitai et al., 1990; Wang and McCormick, 1993; Kasper et al., 1994 ) (for review, see Amitai and Connors, 1994) or distinctive synaptic behavior (Chagnac- Amitai and Connors, 1989) . A previous study in thalamocortical slices of mouse found a correlation between neurons' intrinsic firing properties and their probability of monosynaptic thalamocortical responses (Agmon and Connors, 1992 input (Baranyi et al., 1993; Istvan and Zarzecki, 1994) . We reexamined this issue here. Figure 5 illustrates examples of monosynaptic thalamocortical EPSPs evoked on cells of each firing type. The shapes of these EPSPs were highly variable across cells. In the case of the IB neuron, depolarizing the membrane to Ϫ60 mV allowed the EPSP to trigger a burst of action potentials similar to those evoked by a current pulse (Fig. 5C, inset) . Figure 6 shows the thalamocortical PSPs' latency histogram reorganized by physiological cell type. It is evident that the latency distribution of thalamic inputs did not differ by cell type (Fig. 6) ; all cell types received monosynaptic input from the thalamus, and all pyramidal cells displayed disynaptic IPSPs. As expected, all cell types also received intracortical input (not shown). Because we had only three FS cells in our sample, we cannot address the possibility of GABAergic interneurons receiving feedforward inhibition after thalamocortical activation.
Comparison of monosynaptic EPSPs waveform
To compare the shape parameters of convergent monosynaptic EPSPs, we considered only those cases in which the amplitudes of both types of EPSPs on a single cell were closely matched, where no IPSP was evident, and where the SDTC remained flat throughout the EPSP, suggesting that there was no polysynaptic component ( Fig. 7A; n ϭ 17) . Fifteen to twenty traces were averaged for each synaptic source. The average amplitude of the intracortical EPSPs was 2.64 Ϯ 0.81, and the thalamocortical EPSPs averaged 2.63 Ϯ 0.70, ranging from 1.7 to 3.7 mV for both inputs. A plot of the averaged amplitudes of intracortical EPSPs versus thalamocortical EPSPs within the same cells is shown in Figure 7B , demonstrating a close match (r ϭ 0.95).
Passive cable theory predicts that certain PSP shape parameters, such as the rate of rise of the EPSPs, and the relation between half-width and rise time, vary with the electrotonic distance between the synapse and the recording site (Rall, 1967) . It has also been shown experimentally for hippocampal and neocortical pyramidal cells that distal inputs have longer half-widths and slower rise times than more proximal inputs (Turner, 1988; Nicoll et al., 1993) . Anatomical data and our own experiments indicate that the two synaptic inputs tested here were contacting different parts of the cells' dendritic arbor. The thalamocortical input was most likely impinging on the apical or oblique dendritic branches within layer IV (Fig. 2) , and the intracortical fibers were probably contacting the basal dendrites. Table 1 summarizes the EPSPs' shape indices for both inputs. All the grouped measurements for the two inputs were remarkably similar. Plotting the individual half-width against rise time discloses the wide range of each, with general overlapping of points from the two sets of inputs (Fig.  8 A) . The EPSPs' rate of rise also showed a high variability, ranging more than 10-fold for both sets of inputs and displaying no correlation with the amplitudes (Fig. 8 B) . A plot of the rates of rise for intracortical EPSPs versus thalamocortical EPSPs in individual cells revealed a close correlation (Fig. 8C) . This suggested to us that the dispersion of the shape parameters did not reflect major variations between the two sets of synapses, but rather was primarily determined by properties intrinsic to the 
msec (top traces). A longer latency EPSP (8 msec) appeared when the intracortical stimulus intensity was raised (right-hand trace). B,
In another cell, thalamocortical and intracortical responses had latencies longer than 1.8 msec. In all cases, the SDTC reveals the low shape variance of suspected monosynaptic EPSPs compared with polysynaptic EPSPs. Dots mark the stimulus, and the measured latencies of the responses are indicated. postsynaptic cell. A plot of the rate of rise versus the membrane time constant did not reveal any clear correlation (Fig. 8 D) . Clearly, when the EPSPs' rates of rise were normalized by the cells' time constants, the basic finding remained: when plotted against each other, the rates of rise for the two inputs were well correlated (Fig. 8 E; r ϭ 0.93). Because the firing properties of the cells are assumed to reflect active membrane properties, we also looked for correlation with the physiological classification of the cells. No difference is evident between IB and RS cells in the scatter of their EPSPs' rates of rise values (Fig. 8 E) . However, one FS cell in this group stood out, with close to double the taunormalized rate of rise compared with the fastest among the rest of the population (Fig. 8 E) . The two other FS cells we recorded exhibited only a thalamocortical input, but no intracortical EPSP, yet the normalized rate of rise for the thalamocortical EPSP was similarly high (Fig. 8 E, arrows) .
Threshold for recruitment of inhibition
Previous studies have found that the threshold for evoking an IPSP in neocortical slices is higher than for evoking an EPSP (Howe et al., 1987; Connors et al., 1988; Hirsch and Gilbert, 1991) . Isolated IPSPs can be seen only when excitatory transmission is blocked (Benardo, 1994; Salin and Prince, 1996) . On the other hand, it is generally sufficient to reduce the stimulus intensity to elicit EPSPs alone (Sutor and Hablitz, 1989a; Nicoll et al., 1993) . In this study, we found a very different situation for the thalamocortical pathway: the latency histogram (Fig. 3) indicates that in 24 cells of 68 (35%), the minimal stimulus intensity required to elicit a visible EPSP also elicited a clear IPSP along with it. In some cases, the threshold for evoking inhibition by thalamocortical activation was even lower than that of the thalamically evoked EPSPs; isolated IPSPs were observed in four cells, and in two of them, polysynaptic EPSPs were elicited only at higher stimulus intensities (Fig. 1 A) . Figure 9A shows a case in which the thalamically evoked EPSP and IPSP had equal thresholds. Repeated stimulation at a constant intensity evoked either an EPSP-IPSP sequence or, in 35% of the trials (18 of 50), failures of both responses together. Reducing the stimulus intensity increased the failure rate, but neither the EPSP nor the IPSP was ever evoked separately. The 1.2 msec latency to the EPSP, along with its all-or-none character, suggested that it was generated monosynaptically by a single thalamocortical axon. The SDTC of successful events was essentially flat (Fig. 9B) . This example demonstrates how tightly inhibition can be coupled to thalamic input. The modest shape and latency fluctuations imply a minimum neuronal circuit, such as the one schematized in Figure 9C : a single thalamic axon contacts both the recorded pyramidal cell, generating a monosynaptic EPSP, and a GABAergic interneuron that innervates the same pyramidal cell. The interneuron fires reliably with each successful stimulation. Thus, either a single thalamic axon was sufficient to bring the interneuron above firing threshold, or additional thalamic axons converged on the interneuron, creating a subthresh- old EPSP that reached spike threshold only with the activation of the specific axon.
In contrast to thalamocortical behavior, the appearance of intracortically evoked IPSPs depended strongly on the stimulus intensity. At the intensities required here to elicit an EPSP of an amplitude similar to the thalamocortical EPSPs, only 5 of the 44 cells (11%) exhibited an IPSP (Fig. 3B) . Figure 10 demonstrates the difference between the two pathways in their thresholds for recruitment of inhibition: the same cell was stimulated by each tract separately. The smallest visible response from the thalamus was an IPSP, and the minimal response from the cortex was an EPSP. As the stimulus intensity was increased gradually, the IPSP evoked from the thalamus increased monotonically in amplitude (Fig. 10 A,B) . The intracortical EPSP increased in amplitude at an intensity of 1.2, but as the intensity was increased to 1.5, an IPSP appeared (Fig. 10 A, arrow) . This IPSP entirely obscured the EPSP at an intensity of 2.0 (Fig. 10 A,B) . Figure 10 B summarizes these results. A focal application of the GABA A receptor antagonist BMI abolished both IPSPs, thalamocortical and intracortical (Fig. 10C) .
Axons of layer V cells have been shown to project for long horizontal distances within more superficial laminae (Aroniadou and Keller, 1993) . To rule out the possibility that the horizontal cut between layer V and IV was altering the circuit organization in a way that affected the thresholds for recruiting inhibition, we conducted similar experiments without cutting the slices. Ten cells were recorded. In three of them, an EPSP and an IPSP were evoked by thalamic stimulation at indistinguishable stimulus intensities. The intracortically evoked EPSPs were compounded by abundant polysynaptic activity, with no clear evidence for IPSPs (not shown).
The average reversal potential for all IPSPs evoked from the thalamus was 71.4 Ϯ 6.6 mV (n ϭ 11), indicating that all were dependent on GABA A -activated chloride conductances. We did not observe any late hyperpolarizing potentials that might correspond to GABA B -dependent IPSPs in any of our recordings. 
DISCUSSION
This study directly compared the synaptic responses of two convergent pathways, thalamocortical and intracortical, on single neurons of neocortical layer V. The main conclusions are: (1) all neuronal types in layer V receive monosynaptic excitatory input from the thalamus; (2) EPSPs evoked by thalamocortical and intracortical pathways have very similar shape parameters within a given cell; and (3) these two pathways differ markedly in the degree to which they activate feedforward inhibition.
Technical and methodological considerations
We chose to study layer V neurons because their unique morphology enables separate and reliable activation of intracortical and thalamocortical fibers in vitro. Layer IV cells are generally considered the main recipients of thalamic input, but the activation of layer V cells by thalamocortical afferents should not be regarded as a minor feature of thalamocortical processing. A recent study showed that layer V b cells, together with layer IV cells, are the first in the barrel field to be activated by thalamic input (Armstrong-James et al., 1992) . Thus, only layer V cells provide a fast and monosynaptically direct pathway from thalamic input to cortical output (Connors and Amitai, 1995) .
A potential concern in this study is that thalamic stimulation may have antidromically activated axon collaterals of corticothalamic cells. However, there are several reasons why it is likely that our thalamic-evoked EPSPs were exclusively or primarily attributable to the orthodromic actions of thalamocortical fibers. First, the diameter of thalamocortical fibers is considerably larger than that of corticothalamic ones (Jones and Powell, 1969) . Accordingly, corticothalamic axons have a relatively high threshold of Thalamocortical and intracortical EPSPs were evoked on single layer V cells. Fifteen to twenty traces were averaged for each synaptic input. Data in the table are from those cells in which the amplitudes of both EPSPs were closely matched, no IPSPs were evident, and the SDTC remained flat throughout the course of the EPSP (n ϭ 17). All data are expressed as mean Ϯ SD.
activation and a very slow conduction velocity (Ferster and Lindstrom, 1985; Swadlow, 1994) . Second, corticothalamic cells are situated in layer VI. If these cells were activated antidromically, we would expect that the recruitment of inhibition would be similar to that evoked by stimulating layer VI. Yet, many studies used layer VI stimulation paradigms over the years (Connors et al., 1988; Chagnac-Amitai et al., 1990) , and none has described IPSPs evoked in isolation from EPSPs. Thus, the reliable lowthreshold pattern of IPSP recruitment seems to be quite specific to the thalamocortical pathway. In addition, when corticothalamic cells were activated antidromically in vivo, inhibition was rarely evoked at all by this circuit (Ferster and Lindstrom, 1985) .
EPSPs
We analyzed the shape parameters of thalamocortical and intracortical EPSPs in an attempt to infer differences in their properties or electrotonic location on cell dendrites. By design, EPSPs of equal amplitude were evoked from the two tracts. Most EPSPs were graded with stimulus intensity, and thus probably resulted from the summation of many unitary EPSPs generated by coactivated fibers. We have no way of estimating the number of fibers or synapses activated by each pathway. NMDA receptor-mediated currents contribute to EPSPs in the neocortex, and act to prolong their falling phase (Thomson, 1986; Jones and Baughman, 1988; Sutor and Hablitz, 1989b) . Our previous results suggest that thalamocortical and intracortical synapses may differ in the relative contribution that NMDA receptors make to the evoked EPSPs . Because NMDA receptors were not blocked in the present study, the rate of rise is more likely to reflect differences in electrotonic location than half-width or rate of fall. The fact that such difference was not found is, nevertheless, not surprising. Earlier studies using microstimulation along the apical dendrites of CA1 pyramidal cells found that proximaldistal differences in waveform are substantially smaller for large (1-5 mV), compared with small (Ͻ 1 mV), PSPs measured at the soma (Andersen et al., 1987; Turner, 1988) . In a study of cultured cortical neurons, there was great overlap in the shape parameters of miniature EPSPs evoked on different parts of the dendritic tree (Bekkers and Stevens, 1996) . Thus, one has to conclude that waveform analyses are not very reliable indicators of the electrotonic location of the EPSPs in cortical neurons. Our measurements suggest that synapses located on the midapical dendrite (i.e., thalamocortical) and synapses scattered on the basal dendritic tree (intracortical) produce very similar somatic effects. Active conductances in the dendrites of pyramidal cells (Amitai et al., 1993; Kim and Connors, 1993; Cauller and Connors, 1994; Stuart and Sakmann, 1994) are likely to alter EPSP size and waveforms. An important finding of our study is the nearly exact match of the rates of rise of the two convergent sets of EPSPs within a given cell, despite wide variance across cells (Iriki et al., 1991) . Similar data from neurons elsewhere in the CNS are scant. One recent study compared responses to single boutons stimulated at different dendritic locations in cultured hippocampal cells. The amplitudes of the synaptic events varied considerably from cell to cell, but were nearly the same for different boutons terminating on the same cell. Liu and Tsien (1995) found a correlation between EPSPs' size and the density of innervation on the postsynaptic cell, and speculated that the postsynaptic cell was controlling unitary synaptic strength. Our results also emphasize the importance of postsynaptic factors in determining the EPSP shape. The mechanism by which synaptic adjustments might occur postsynaptically is obscure. Our results show no correlation between EPSPs' rates of rise and membrane time constant, one indicator of a cell's passive electrotonic properties. However, the noticeably high normalized EPSPs' rates of rise of FS cells hints that the intrinsic cells' properties might be of significance.
Our observations of the similarity of EPSP kinetics do not exclude the possibility that there are tract-specific differences in the more dynamic properties of synaptic function, such as frequency dependence and presynaptic modulation by transmitters .
Differential recruitment of inhibition
We found that the thalamocortical pathway had a strikingly lower threshold for the induction of feedforward inhibition than did the intracortical pathway. Previous intracellular studies, both in vivo (Ferster and Lindstrom, 1983) and in vitro (Agmon and Connors, 1992) , also found that electrical stimulation of the appropriate thalamic nucleus evoked inhibitory potentials on a large portion of cortical pyramidal cells. Such strong and reliable inhibition requires that GABAergic interneurons be relatively easily excited by the thalamic input. Indeed, single-unit recordings in vivo have consistently demonstrated robust responses of suspected GABAergic neurons, identified by their fast spikes, to thalamocortical activation. These responses typically had very short latencies and low thresholds, were highly reliable, and had broad sensory receptive fields (Simons and Carvell, 1989; Swadlow, 1989 Swadlow, , 1995 Welker et al., 1993) .
The promptness and reliability of the thalamus-evoked inhibition was unmatched by intracortical activation. Distant placement of the stimulating electrode precluded the possibility that inhibitory interneurons were directly activated in the vicinity of the recorded pyramidal cell (Salin and Prince, 1996) . All the intracortical IPSPs encountered had latencies consistent with di-or polysynaptic activation, and they appeared at a higher stimulus intensity than the monosynaptic EPSPs. Similarly, recruitment of inhibition was shown to be strongly correlated with the distance from the recorded cell and the stimulus intensity in a study of horizontal connections in superficial laminae of cat visual cortex (Hirsch and Gilbert, 1991) .
Because each of the axonal tracts stimulated here was likely to innervate a different dendritic field in different laminae, they probably activated different sets of inhibitory cells. However, cortical GABAergic cells have been shown to have dendritic and axonal arbors that can span several layers (Fairen et al., 1984; Kisvarday et al., 1987) . All fast-spiking cells (which are presumed to be inhibitory interneurons) impaled in our study within layer V received monosynaptic thalamic input, and in one of them we were able to evoke monosynaptic EPSPs via both stimulating electrodes.
Relevant anatomical information is fragmentary. Quantitative analysis at the electron microscopic level shows that the relative proportion of synapses terminating on pyramidal cells versus inhibitory cells is similar for both pathways. The vast majority (80 -90%) of excitatory corticocortical synapses in layer V is made with other pyramidal cells (Gabbott et al., 1987; Elhanany and White, 1990) . Similarly, no Ͼ20% of thalamocortical terminals contact inhibitory cells (White, 1989; DeFelipe and Farinas, 1992) . Nevertheless, several studies by White and colleagues indicated that different classes of cortical cells receive characteristic proportion of synapses from the thalamus (for review, see White, 1989) . For example, extreme differences were found between two types of nonspiny cells, occurring within the same thalamocortical projection field, in the numbers and percentages of the synapses they received by thalamic afferents (White and Rock, 1981) . Our findings, together with the previous data cited above, indicate that the very low threshold for inhibitory recruitment by thalamic afferents is a generalized phenomenon of cortical organization, most likely involving specific innervation patterns onto cortical GABAergic cells. Figure 10 . Thalamocortical and intracortical pathways differ in the relative threshold for activation of synaptic excitation and inhibition. A, Thalamocortical and intracortical synaptic responses evoked at four stimulus intensities on a single layer V cell. The cell was depolarized to Ϫ62 mV. Stimulus intensities are normalized to the minimal intensity used for each pathway and marked at the left of the traces. The thalamocortical response was inhibitory at all intensities. The minimal intracortical response was excitatory, and IPSP appeared at an intensity of 1.5 (arrow). B, Summary diagram of the maximal amplitude of the synaptic responses from A, as a function of stimulus intensity. C, In the same cell, the thalamocortical IPSP was blocked by focal application of BMI (10 M) near the soma. The response under control conditions is displayed in black. The gray traces represent responses to stimuli at the same intensity, 30, 60, and 90 sec after application of BMI. A dot indicates the stimulus.
These data have important functional implications for neural information processing in the cortex. Because a relatively small number of thalamic relay cells diverge extensively to innervate a large number of cortical cells (Jensen and Killackey, 1987) , each thalamic cell can impose widespread synchronized excitation. Strongly coupled inhibition could serve to prevent excessive excitatory drive while creating high temporal precision. It may also facilitate thalamocortical oscillations under certain behavioral states (Lytton and Sejnowski, 1991; Steriade and Contreras, 1995) . Coupling between excitation and inhibition could also cause reduced expression of NMDA receptors in thalamocortical responses (Agmon and O'Dowd, 1992; Armstong-James et al., 1993; and contribute to the loss of their susceptibility to long-term potentiation after the first week of life (Iriki et al., 1991; Crair and Malenka, 1995) . In contrast, intracortical EPSPs are more weakly controlled by inhibition around threshold. Stronger IPSPs can be recruited, and they have the ability to nullify excitation, but only when activation is more synchronous, as when stimulus intensity increases. Corticocortical inputs are apt to be less synchronized because they arise from a multitude of other pyramidal cells in many cortical areas. Hence, these EPSPs are likely to readily express the late NMDA component, and be able to undergo plastic changes.
Finally, it has been shown recently that orientation tuning of cortical cells in the visual cortex is determined primarily by the thalamic input (Reid and Alonso, 1995; Ferster et al., 1996) . Strong and brisk thalamocortical feedforward inhibition operating within a cortical column is bound to participate in shaping the spatial and temporal attributes of single neuron responses.
